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Abstract

Inflammation must be inhibited in order to treat, e.g., sepsis or autoimmune diseases or must be selectively enhanced to improve, for
example, immunotherapies of tumors or the development of vaccines. Predictable enhancement of inflammation depends upon the
knowledge of the “natural” pathways by which it is down-regulated in vivo. Extracellular adenosine and A,, adenosine (purinergic)
receptors were identified recently as anti-inflammatory signals and as sensors of excessive inflammatory tissue damage, respectively (Ohta
A and Sitkovsky M, Nature 2001;414:916-20). These molecules may function as an important part of a physiological ‘“‘metabolic switch”
mechanism, whereby the inflammatory stimuli-produced local tissue damage and hypoxia cause adenosine accumulation and signaling
through cyclic AMP-elevating A, adenosine receptors in a delayed negative feedback manner. Patterns of A, receptor expression are
activation- and differentiation-dependent, thereby allowing for the ‘““acquisition” of an immunosuppressive ‘“OFF button” and creation of
a time-window for immunomodulation. Identification of A, adenosine receptors as “‘natural’’ brakes of inflammation provided a useful
framework for understanding how tissues regulate inflammation and how to enhance or decrease (engineer) inflammation by targeting this
endogenous anti-inflammatory pathway. These findings point to the need of more detailed testing of anti-inflammatory agonists of Aja
receptors and create a previously unrecognized strategy to enhance inflammation and targeted tissue damage by using antagonists of Aja
receptors. It is important to further identify the contributions of different types of immune cells at different stages of the inflammatory
processes in different tissues to enable the ““tailored” treatments with drugs that modulate the signaling through A;4 purinergic receptors.
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1. Introduction

The term “bioengineering” has been applied mostly to
the design and synthesis of biologically active molecules
and to tissue engineering [1,2]. We propose to define the
term ‘“‘engineering inflammation” to denote the manipula-
tion of the intensity and the time-course of inflammatory
processes in vivo.

Host defense-initiated inflammatory processes are cru-
cial for the destruction of pathogens and virus-infected
cells by activated immune cells, which secrete a variety of
pro-inflammatory cytokines and cytotoxic molecules [3].
However, the action of toxic pro-inflammatory molecules
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also results in undesirable outcomes, mostly due to col-
lateral tissue damage. It is well accepted that prolonged
and/or inappropriate inflammation contributes to the
pathogenesis of many diseases including cancer, heart
disease, and atherosclerosis [4-8]. The extensive develop-
ment of anti-inflammatory drugs reflects the clinical desir-
ability of preventing excessive tissue damage and the need
to better understand the processes that control and termi-
nate inflammation. This is also the driving force behind the
recent intensification of efforts to understand anti-inflam-
matory mechanisms in different diseases [9,10].

We will discuss the less extensively studied issues of
enhancement of inflammation and targeted local tissue
damage, since addressing these issues promotes both better
understanding of the fundamental mechanisms of the
immune response and forms the basis for predictable
inhibition or enhancement of the immune response, i.e.
engineering inflammation. This review describes the
recently discovered physiological immunosuppressive
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loop where different pro-inflammatory stimuli disturb the
local tissue environment due to a diminished blood supply,
local tissue hypoxia, and accumulation of extracellular
adenosine. This triggers immunosuppressive cAMP accu-
mulation in immune cells via signaling through Aja
adenosine receptors. The A, adenosine receptor signaling
suppresses inflammation in a delayed, negative feedback
manner because of inhibition by cAMP of molecular
intermediates of pro-inflammatory signaling pathways
[11]. It is expected that the discovery of the adenosine
receptor-based natural anti-inflammatory pathway should
re-invigorate interest in adenosine-based compounds,
which have been designed and synthesized to modulate
immunosuppressive adenosine receptors [12—17]. Appro-
priate A, adenosine receptor agonists and antagonists
have promise for the engineering of inflammatory pro-
cesses in vivo by selectively utilizing or disengaging the
natural, endogenous anti-inflammatory pathway.

2. Need to identify endogenous anti-inflammatory
pathways

Manipulation of inflammatory processes may include not
only efforts to inhibit inflammation, but also the develop-
ment of approaches to enhance local inflammatory pro-
cesses. This is illustrated by the desirability to develop
better adjuvants for vaccine development [18] and stronger
pro-inflammatory local tissue damage during immunothera-
pies of cancerous tumors [19]. Accordingly, a current goal
of pharmacological research is to develop both pro-inflam-
matory and anti-inflammatory drugs. This should be done
with the understanding that the pharmacological agent can
be a useful anti-inflammatory drug even if it targets a
pathway that is not an important part of a physiological
mechanism, but the rational development of valuable pro-
inflammatory agents will require an improved understand-
ing of natural inhibitors of inflammation. A rather obvious
option is to enhance inflammatory processes simply by
increasing the dose of inflammatory stimuli, but this may be
accompanied by unacceptable side-effects. It appears that
the least dangerous approach to enhancing inflammation
may lie in antagonizing the physiological mechanisms that
attenuate it in vivo, but this has not been possible.

Thus, the efforts to reveal the endogenous mechanisms
that terminate inflammation and thereby protect tissues
from excessive damage may be richly rewarded by identi-
fication of better targets for immunomodulation and by
providing previously unavailable options of enhancing
inflammation through the use of novel drugs that antagonize
natural anti-inflammatory processes and result in persis-
tence of pro-inflammatory molecules in targeted local tissue
environments. In addition, the identification of endogenous
inhibitors of inflammation is expected to improve the design
and development of novel inflammation-inhibiting drugs
that will be able to recruit the “natural” pathway.

3. “Metabolic switch” hypothesis of extracellular
accumulation of molecular ‘“signals” of excessive
tissue damage

One of the promising approaches to identifying endo-
genous anti-inflammatory molecules is to determine
whether any of the numerous molecules that are capable
of blocking inflammation [3] are actually involved in the
physiological mechanism that ‘““senses’ excessive tissue
damage and triggers the inhibition of secretion of pro-
inflammatory molecules. Our studies were based on the
assumption of the existence of a ‘““metabolic switch”,
which is turned on at some ‘‘unacceptable” threshold of
collateral tissue damage. Indeed, the tissue damage-asso-
ciated interruptions in blood supply are expected to result
in local tissue hypoxia and in appropriate adaptive
changes in cell metabolism. These changes may include
qualitatively and quantitatively different “‘repertoires” of
cellular metabolites that could be transported into the
extracellular environment and trigger inflammation-inhi-
biting signaling through their receptors on immune cells.
These considerations postulate an immunosuppressive
function for a ‘“‘non-professional” anti-inflammatory
molecule(s). Such molecules may be accumulated as
the outcome of adaptive metabolic changes to hypoxia
in injured tissues that ensure both cell survival and
reporting of the “‘excessive’ tissue damage. This, in turn,
will terminate an inflammatory response by triggering
immunosuppressive signaling. We considered extracellu-
lar adenosine to be an attractive candidate for such a
reporter and focused our studies on testing the possible
role of adenosine as an endogenous immunosuppressive
molecule.

4. Considerations of a possible role of cAMP-elevating
extracellular adenosine and adenosine receptors in the
regulation of inflammatory processes

4.1. Sources of extracellular adenosine

It has been known for a long time that inflammatory
tissue damage is accompanied by accumulation of extra-
cellular adenosine in inflamed areas due to its release from
non-immune and immune cells [20-29]. Also contributing
to the accumulation of adenosine is the release of rapidly
metabolized ADP and ATP from various cells including
platelets, mast cells, and endothelial cells [30]. Local tissue
hypoxia in inflamed areas represents one of the most
important conditions leading to adenosine release and
accumulation [31-33], and isolated heart studies suggest
that adenosine kinase inhibition in hypoxic conditions is
primarily responsible for adenosine accumulation in sites
of local tissue injury because about 80% of adenosine is re-
phosphorylated to AMP by this enzyme [34] in normoxic
myocardium. Hypoxic inhibition of adenosine kinase leads
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to a 15- to 20-fold increase in intracellular and extracellular
adenosine [34].

Extracellular adenosine may also accumulate due to a
deficiency in ADA in patients with SCID [35] and to
changes in adenosine metabolism induced by some phar-
macological agents [36-38].

4.2. The history of extracellular adenosine and
adenosine receptor studies

Investigations during more than three decades of the
effects of adenosine on inflammatory processes and of the
immunosuppressive properties of adenosine-induced,
cAMP-elevating, extracellular receptor-mediated signal-
ing can be divided into three main periods. The first two
decades (i) provided the first demonstrations of inhibition
by extracellular adenosine of cells involved in the inflam-
mation processes, (ii) implicated the cAMP-elevating path-
way and adenosine (purinergic) receptors as regulators of
inflammation, and (iii) revealed multiple stimuli and con-
ditions that induce adenosine release from different cells
into extracellular space [20-26,31,39-44]. This period
encompasses the development of the “purinergic’ recep-
tors concept by Burnstock [45] that led to the foundation of
the intellectual framework for later experiments to con-
solidate results obtained in different biological disciplines
and stimulate pharmacological research.

The next two decades provided superior investigative
tools through the synthesis of novel ligands [46] and
molecular cloning and characterization of four subtypes
of adenosine receptors [30,47-49]. The interest of phar-
macologists in adenosine receptors has been heightened
dramatically by the findings of Cronstein [36], Fredholm
and coauthors [38] and others [37] that important anti-
inflammatory drugs such as methothrexate and certain
salicylates exert their effects by utilizing endogenous
adenosine-mediated signaling. Pharmacologically induced
extracellular adenosine has also been implicated in the
anti-inflammatory action of nimesulide [37] and the neu-
roprotective drug propentofylline [38].

The actions of extracellular adenosine were explained by
signaling through G protein-coupled receptors that are
subdivided into A;, Aja, Asg, and Aj subtypes. A; and
Aj receptors are coupled to G, and G; proteins, and Aja
and A,p receptors interact with Gy proteins leading to
intracellular cAMP accumulation [48]. A,g receptors also
couple to Gy in some cells [50].

The effects of adenosine in different tissues may depend
upon the repertoire of adenosine receptors present on the
cell surface. Patterns of A, adenosine receptor expression
are activation- and differentiation-dependent, thereby
allowing for the “‘acquisition” of an immunosuppressive
“OFF button” and creation of a time-window for immu-
nomodulation. This could be the general property of purine
receptors as shown in studies of both ATP and adenosine
receptors [51-54].

Different receptors may have opposite effects on the
same function. It was shown that the same process (neu-
trophil adherence to endothelium) could be inhibited by A,
receptors and enhanced by A; receptors [55]. Detailed
studies of the effects of adenosine on different immune
cells [36,56—64] provided important clues as to what the
possible roles of extracellular adenosine could be in vivo.

Indeed, it is now well accepted that the activation of A,
receptors on lymphoid cells stimulates an anti-inflamma-
tory response [36,57,59,60,62,63]. T cells were shown to
express immunosuppressive cAMP-elevating A, adeno-
sine receptors, which are capable of blocking TCR-trig-
gered proliferation, granule exocytosis, FasL. expression,
and secretion of cytokines such as IFN-y [42,62,63].
Similarly, adenosine receptors that inhibit immune func-
tions upon activation were demonstrated on human baso-
phils [43]. In contrast, A3 receptors have more complex
effects as they inhibit eosinophil migration and trigger
degranulation of rodent mast cells [27,30,65,66].

Of special interest in the context of this commentary are
the documented effects of adenosine on the secretion of
pro-inflammatory cytokines, e.g. IL-12, TNF-o, and
others, by monocytes and macrophages [58,59,67-72].
Agonists of both A, or Aj receptors were shown to block
activation of macrophages, but the relative contribution of
these receptors is yet to be demonstrated conclusively.
Indeed, some contradictory conclusions were reached in
implicating the A, versus Aj receptors in these processes.
For example, McWhinney et al. [70] and Sajjadi et al. [71]
suggest that the adenosine analog N°-(3-iodobenzyl)ade-
nosine-5’'-N-methyluronamide (IB-MECA)-mediated inhi-
bition of LPS-induced TNF-a secretion was mediated by
Az, but not by A4, receptors, but Link er al. [72] and
Bouma et al. [68] reported that inhibition of LPS-induced
IL-12 secretion by human monocytes was mediated by
Asa, but not A; or Aj receptors. A possible explanation for
this discrepancy may lie in the observation that the com-
pounds IB-MECA and CI-IB-MECA, which have been
used as selective A3z agonists, are poorly selective over Gy
protein-coupled A, adenosine receptors [13].

Thus, while pharmacological studies offered important
clues, the conclusive identification of individual adenosine
receptors in mediating the effects of adenosine and ade-
nosine analogues, awaited genetic in vivo experiments.
Such genetic studies have been greatly facilitated by the
development of mice that are deficient in genes for Aja
[73,74] or A5 adenosine receptors [75].

The development of adenosine receptor gene-deficient
mouse models extended the purine field into the current,
third stage of studies in which the major goal is to under-
stand the in vivo physiological roles of adenosine receptor-
mediated signaling in immune responses and in the patho-
genesis of inflammatory diseases. The use of A, receptor-
deficient mice provided the first conclusive in vivo evi-
dence of A, receptors playing a critical role in the down-
regulation of acute inflammation [11].
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5. Genetic in vivo evidence for the physiological
mechanism of attenuation of inflammation and
protection from excessive tissue damage by
extracellular adenosine A,, receptors

We began our studies by assuming that tissue damage-
associated hypoxia results in extracellular accumulation of
metabolic intermediates that trigger intracellular cAMP
increases, which, in turn, inhibit inflammatory cells
[76,77]. Accordingly, the identification of cAMP-elevating
receptors and ligands, among a great number of Gg-coupled
receptors [78], which may function as endogenous inhibi-
tors of inflammation, became a goal of subsequent experi-
ments. It has been reported that different cAMP-elevating
ligands including catecholamines, prostaglandins, dopa-
mine, and histamine, as well as extracellular adenosine and
other anti-inflammatory molecules, have immunosuppres-
sive pharmacological properties. These have been consid-
ered among many other molecular candidates as potential
anti-inflammatory stimuli in vivo [9,79-81].

The focus on cAMP-elevating adenosine A, receptors
in our laboratory was due to the convergence of long-term
studies of cAMP as an OFF mechanism in T-cell function
[82-84] and studies of Ca*" signaling in lymphocytes
[85,86]. These studies led to the prediction of the existence
of a second mechanism of cytotoxicity [82] and to con-
siderations of cell-permeabilizing extracellular ATP in
lethal hit delivery by CTL [87,88], as well as to the
evaluation of the contribution of receptors for extracellular
nucleotides such as ATP and adenosine in regulating the
immune response [61,63]. Subsequent studies of extracel-
lular purines, ATP, and adenosine, and ‘‘purinergic” recep-
tors [80,89,90] in T-cell differentiation, lethal hit delivery,
and other effector functions [28,61-64,87] were related
mostly to P2, and P2, subtypes of ATP receptors and A, o
adenosine receptors. It was shown that G protein-coupled
P2Y, ATP receptors are expressed as immediate early
response genes in T cells [53], and that ATP-gated mem-
brane channels and pore-forming P,, (now designated P2,
receptors) are expressed in a T-cell differentiation-depen-
dent manner [51,61]. The role of ATP-gated P2, receptors
in lethal hit delivery was excluded by a direct comparison
of requirements for the pore-forming ATP*~ complex and
the CTL-mediated lethal hit delivery to targets [91]. A
physiologically important role of these ATP receptors in T
cells or any immune cell in vivo remains to be firmly
established.

Investigations of the effects of extracellular adenosine
have revealed that these physiologically abundant mole-
cules trigger powerful immunosuppressive, cAMP-
mediated responses by virtue of signaling through Aja
adenosine receptors in T cells [62—64,92-94]. It was shown
that extracellular adenosine and the A,, adenosine recep-
tor agonist CGS21680 [2-p-(2-carbonylethyl)-phenylethy-
lamino-5’-N-ethylcarboxamidoadenosine] inhibits TCR-
triggered IL-2 receptor up-regulation, thereby explaining

the inhibition of T-cell proliferation by extracellular ade-
nosine [62]. Adenosine was shown to be capable of directly
inducing apoptosis by elevating cAMP in a small (about
10% of total thymocytes) subset of immature thymocytes,
which was interpreted as an indication of its possible role
in the regulation of thymocyte differentiation [61,93].
Paradoxically, adenosine has been also shown to provide
a TCR-inhibiting signal to immature double-positive
CD4"CD8" thymocytes, thereby rescuing these cells from
antigenic peptide-triggered apoptosis and leading to the
suggestion of a role of adenosine in regulating the positive
and negative selection of thymocytes [95]. In addition, an
analysis of the effects of extracellular adenosine on TCR-
triggered thymocyte apoptosis in ADA deficiency using
genetically engineered ADA-deficient mice has provided
support for the hypothesis that adenosine-mediated signal-
ing contributes to ADA SCID-associated depletion of T
cells [95].

Since the injection of A, agonists did prevent damage
in tissue injury models in kidney [96], heart [97], lung [98],
skin [99], vascular smooth muscle [5], and spinal cord [17],
it was concluded that pharmacologically activated A,
receptors are at least capable of being anti-inflammatory
in these models. Indeed, in their totality, the pharmacolo-
gical data accumulated over almost 30 years are consistent
with a potential role of cAMP-elevating adenosine recep-
tors to attenuate inflammation in vivo. However, this notion
has not been widely accepted by investigators outside this
field since adenosine receptors are not the only candidates
for this role. Activation of some other G; protein-coupled
cAMP-elevating receptors (including histamine, dopa-
mine, prostaglandin, and [, adrenergic receptors) can also
inhibit inflammatory processes in vivo, which led to their
consideration as potential physiological OFF signals
[79,81,100,101]. Activation of both A, and A,p receptors
is capable of increasing cAMP levels in immune cells, and
both receptors had to be considered as potentially immu-
nosuppressive in vivo. In addition, putative activation of
Gj-coupled Aj; adenosine receptors with IB-MECA also
was reported to inhibit acute inflammation [70,71], and this
pointed to the need to investigate the Aj receptor as an
endogenous immunosuppressor.

It has become clear that while pharmacological studies
alone provide information as to what adenosine receptors
are potentially capable of doing, no evidence existed to
support a physiological role for adenosine receptors in the
immune response. The use of A, adenosine receptor-
deficient mice in preliminary phenotype-screening assays
has not been helpful either, since no significant differences
between A,,R™ " and A,,R ™'~ mice were detected in terms
of total cell numbers or cell surface markers (data not
shown).

The first strong evidence for the critical role of Ajx
receptors in the regulation of inflammation in vivo was
provided by testing the prediction that the absence of A
receptors would lead to enhanced inflammation and



M.V, Sitkovsky/Biochemical Pharmacology 65 (2003) 493-501 497

increased tissue damage. This was done using A, recep-
tor-expressing and A, receptor gene-deficient mice in
models of acute liver inflammation and sepsis [11]. It
was confirmed that A,, receptor-deficient mice represent
an excellent model to answer the questions posed since
these mice do not express functional A, receptors, but do
express other candidate cAMP-elevating receptors (e.g. B
adrenergic and prostaglandin receptors), which have been
considered as alternative candidates for a role in physio-
logical anti-inflammatory pathways [11].

The most likely involvement of A, receptors was
expected in conjunction with severe tissue damage. This,
in turn, prompted the choice of short-term fulminant hepa-
titis and sepsis as in vivo models to be first tested in wild-type
and A, receptor gene-deficient mice. Endotoxin-induced
sepsis, carbon tetrachloride, and Pseudomonas aeruginosa
exotoxin A-mediated hepatotoxicity, as well the infected
wound model (air-pouch), were utilized in these studies.

Subsequent assays of T-cell-, macrophage- and cyto-
kine-dependent tissue injury in A, adenosine receptor-
deficient mice established dramatically increased local
tissue damage and the prolonged presence of pro-inflam-
matory cytokines such as TNF-ao, IFN-v, and IL-12 [11] in
these mice, but not in wild-type mice. It was shown that
sub-threshold doses of inflammatory stimuli, which do not
cause liver damage in wild-type mice, do induce extensive
liver damage and sustained elevated levels of cytokines in
mice deficient in A, receptor expression. A similar out-
come was observed when A,, receptors were blocked
pharmacologically. The injection of the A, receptor
antagonist ZM241385 [4-(2-[7-amino-2-(2-furyl)-
[1,2,4]triazolo[2,3-a][1,3]triazinyl-amino]ethyl)-phenol]
into wild-type mice also resulted in exacerbated tissue
damage in response to sub-threshold doses of inflammatory
stimuli [11].

These data provided the first direct and conclusive
evidence for an in vivo role by A, adenosine receptors
in the regulation of inflammation, and pointed to Aja
adenosine receptors as critical in playing a non-redundant
role in the down-regulation of inflammation in vivo. The
Aja receptors seem to be non-redundant because of the
failure of all other anti-inflammatory mechanisms to com-
pensate for the absence of A,a receptors in preventing
dramatic tissue damage. However, it is expected that when
the intensity of inflammatory stimuli is not as high, there is
a coordinated functioning of several different anti-inflam-
matory mechanisms, including the possible involvement of
other adenosine receptors and of other important anti-
inflammatory molecules [9].

It is interesting to note that A, receptor-deficient mice
have been reported to be protected from ischemic brain
injury [74], suggesting that these receptors may play an
opposite role in the brain as compared with peripheral
tissues.

The idea of extracellular adenosine as an endogeneous
immunoregulator and an OFF switch of inflammation is

supported by: (i) the abundance of this ubiqutous signaling
metabolite, (ii) immunosuppressive properties of adeno-
sine, and (iii) unique capabilities of adenosine to reflect
changes in the physical and biochemical environment,
particularly in inflamed areas.

6. Engineering inflammation

Identification of A, adenosine receptors as “‘natural’
brakes of inflammation provided a useful framework for
understanding how tissues regulate inflammation and how
to enhance or decrease (engineer) inflammation by target-
ing the endogenous anti-inflammatory pathway. This pro-
vides additional justification for the vigorous development
of anti-inflammatory agonists of A, receptors and creates
a previously unrecognized strategy to enhance inflamma-
tion and targeted tissue damage by using antagonists of
Aj receptors. It is important now to further identify the
contributions of different types of immune cells at different
stages of inflammatory processes in different tissues to
enable the “tailored” treatments with novel drugs that
modulate the A5 purinergic receptor-mediated signaling.

6.1. Inhibition of inflammation

Although endogeneous adenosine that accumulates in
tissues has been demonstrated to protect tissues under
some circumstances, far greater protection can be elicited
by synthetic compounds such as the non-selective A/Aj5
agonist AMP 570 [102], or by a widely used selective
agonist of A,a receptors, CGS21680 [103]. Recently,
Linden and co-authors [104] described and characterized
a very promising A,, adenosine receptor agonist,
ATL146e, with far greater potency and selectivity than
CGS21680. This agonist has been shown to markedly
reduce ischemia—reperfusion or traumatic injury and
neutrophil infiltration in many tissues including kidney
[105], skin [99], lung [98], blood vessels [5], and spinal
cord [17].

Selective A, receptor agonists may be more effective
than endogenous adenosine as inhibitors of inflammation
for two reasons. First, adenosine and its breakdown pro-
duct, inosine, may activate pro-inflammatory pathways
that are mediated by A; [106] or Aj receptors [107].
Second, optimal effectiveness of A, receptor activation
probably requires the triggering of receptors on circulating
leukocytes, lymphocytes, platelets, and/or vascular
endothelium. In this sense, synthetic compounds are much
more effective at activating receptors in blood than ade-
nosine, which is rapidly metabolized in blood [108].

Thus, results of these preliminary animal studies point
to the promising uses of A,, receptor agonists as thera-
peutic agents to treat ischemic, infection-associated, and
trauma-associated inflammation provided that possible
side-effects are taken care of by designing more
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tissue-specific treatments or using a ‘‘neoceptor/neoli-
gand” approach [15] when it is feasible.

6.2. Enhancement of inflammation

The demonstration of a critical role of extracellular
adenosine A, 4 receptors in the down-regulation of inflam-
mation in vivo represents the first example that physiolo-
gical, metabolic changes in the inflamed local tissue
environment can serve as ‘‘reporters’ of excessive tissue
damage that can provide a signal to terminate inflamma-
tory processes. This immunosuppressive mechanism func-
tions by taking advantage of very fundamental cellular
processes where physiologically abundant and ubiquitous
molecules of adenosine can be produced by virtually all
cells, resulting in a negative feedback loop to inhibit
inflammation-producing immune cells and protect sur-
rounding tissues.

7. Perspectives

An optimistic prognosis of current, third stage studies of
purinergic receptors includes implementation of promising
strategies to engineer inflammation in order to afford, for
example, protection of transplanted tissue from the
immune system, without compromising immune protec-
tion against infection and immunotherapy for cancer.
These goals will require significant progress in efforts to
selectively target the adenosine receptors and in the devel-
opment of adenosine receptor ligands [16,17]. The use of
such drugs may be facilitated by the development of
promising partners for agonists of adenosine receptors that
produce synergistic inhibition of the immune system, e.g.
type IV phosphodiesterase inhibitors [109]. Possible side-
effects of such ligands could be dealt with by employing
the recently described, elegant ‘‘neoceptor/neoligand”
concept [15].

Only the A,4 receptors have been convincingly impli-
cated so far as participating in natural anti-inflammatory
mechanisms. The role of other adenosine receptors remains
to be firmly established. It is important to reconcile com-
plicated effects of G; protein-coupled Az adenosine recep-
tors, which have been suggested to possess anti-
inflammatory properties, when activated with IB-MECA
pharmacologically [71], but which also trigger pro-inflam-
matory events in mast cells [110].

Indeed, extracellular adenosine may have strong pro-
inflammatory effects, as evidenced by adenosine-mediated
enhancement of neutrophil-mediated ischemic tissue
damage [111]. It is most likely that adenosine plays both
pro-inflammatory and anti-inflammatory functions,
depending on which immune cells and cytokines are
involved in particular inflammatory processes and disease.
The careful investigation of recruitment of different classes
of adenosine receptors on different immune cells in future

studies may help to reconcile pro-inflammatory and anti-
inflammatory properties of extracellular adenosine and the
roles played by different adenosine receptors.

The genetic evidence implicating A, adenosine recep-
tors in a non-redundant physiological mechanism to ter-
minate inflammation in vivo during the course of acute
inflammation in liver disease and sepsis is expected to
result in more efforts to develop therapeutic strategies
where these receptors are utilized as attractive natural,
pharmacological targets for anti-inflammatory drugs.
Recent progress in the design, synthesis, and analysis of
adenosine-based ligands [12—17] suggests that these phar-
macological challenges will be met rather successfully
[15]. These considerations point to the relative paucity
in selective A, receptor antagonists. This seems to be a
promising venue of future medicinal chemistry and phar-
macological research to develop selective and highly
effective antagonists of A, adenosine receptors.

The pharmacological targeting of purine receptors
requires further studies of the role of other individual
adenosine and ATP receptors in different tissues at differ-
ent stages of the inflammatory processes. Accordingly,
individual disease models should be characterized to
answer the following questions: First, which inflammatory
stimuli and which pro-inflammatory cytokines mediate
pathogenesis of the disease in each individual tissue?
Second, is there significant tissue damage associated with
the inflammatory processes? Third, what are the types of
cells that are targeted by pro-inflammatory molecules?
Fourth, which immune cells produce these pro-inflamma-
tory molecules? Fifth, what is the repertoire of purinergic
receptors on these immune cells? Sixth, what are the other
molecules that coordinate the anti-inflammatory response?
The acute inflammation models that were used to uncover
the role of A, receptors [11] represent only an important
first step that should be followed by detailed studies of the
role of adenosine receptors on chronic inflammation mod-
els and in T-cell-mediated immune processes.

Having this information will greatly facilitate attempts
to engineer inflammation in novel clinical protocols. How-
ever, additional basic knowledge of the mechanisms lead-
ing to the accumulation of extracellular adenosine is still
required. Indeed, the accumulation of adenosine in
inflamed hypoxic areas is best explained by hypoxia-
associated inhibition of adenosine kinase as suggested
by Schrader and co-authors [34]. Their calculations sug-
gest that even minor hypoxia-associated increases in the
concentration of intracellular AMP will be translated into
large increases in adenosine concentration.

The molecular mechanisms of inhibition of adenosine
kinase need to be clarified, and it seems promising to
consider the possibility that the accumulation of adenosine
in hypoxic tissues may be due, at least partially, to the
activities of hypoxia-inducible factors [112], which are
stabilized and are expressed and active in hypoxic and/or in
activated T cells as immediate early response gene pro-
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ducts [113]. Because the major function of HIF is to switch
cells to glycolysis, it is possible to test the hypothesis that
HIF-1 is involved in metabolic changes that lead to extra-
cellular adenosine accumulation.

Thus, the current stage of inflammation and adenosine
studies is characterized not only by utilization of the most
advanced genetic and molecular techniques to manipulate
adenosine receptor signaling in different disease models,
but also by the need to better understand issues of adeno-
sine metabolism that have been the focus of classical
biochemical investigations.

Acknowledgments

The author wishes to thank Dr. Joel Linden (University
of Virginia, Charlottsville) and Dr. Ken Jacobson (National
Institutes of Health) for critical reading of the manuscript.

References

[1] Niklason LE, Langer R. Prospects for organ and tissue replacement.
JAMA 2001;285:573-6.

[2] Griffith LG, Naughton G. Tissue engineering—current challenges
and expanding opportunities. Science 2002;295:1009-14.

[3] Rosenberg HF, Gallin JI. Inflammation. In: Paul WE, editor. Funda-
mental immunology. Philadelphia: Lippincott-Raven; 1999. p. 1051-
62.

[4] Shacter E, Weitzman SA. Chronic inflammation and cancer. Oncol-
ogy (Huntingt) 2002;16:217-26, 229; discussion 230-2.

[51 McPherson JA, Barringhaus KG, Bishop GG, Sanders JM, Rieger
IJM, Hesselbacher SE, Gimple LW, Powers ER, MacDonald T,
Sullivan G, Linden J, Sarembock IJ. Adenosine A,, receptor sti-
mulation reduces inflammation and neointimal growth in a murine
carotid ligation model. Arterioscler Thromb Vasc Biol 2001;21:791-6.

[6] Pockley AG. Heat shock proteins, inflammation, and cardiovascular
disease. Circulation 2002;105:1012-7.

[7]1 Shebuski RJ, Kilgore KS. Role of inflammatory mediators in
thrombogenesis. J Pharmacol Exp Ther 2002;300:729-35.

[8] Mulvihill NT, Foley JB. Inflammation in acute coronary syndromes.
Heart 2002;87:201-4.

[9] Levy BD, Clish CB, Schmidt B, Gronert K, Serhan CN. Lipid
mediator class switching during acute inflammation: signals in
resolution. Nat Immunol 2001;2:612-9.

[10] Aliberti J, Hieny S, Reis e Sousa C, Serhan CN, Sher A. Lipoxin-
mediated inhibition of IL-12 production by DCs: a mechanism for
regulation of microbial immunity. Nat Immunol 2002;3:76-82.

[11] Ohta A, Sitkovsky M. Role of G-protein-coupled adenosine recep-
tors in downregulation of inflammation and protection from tissue
damage. Nature 2001;414:916-20.

[12] Gao Z, Li Z, Baker SP, Lasley RD, Meyer S, Elzein E, Palle V,
Zablocki JA, Blackburn B, Belardinelli L. Novel short-acting Aja
adenosine receptor agonists for coronary vasodilation: inverse re-
lationship between affinity and duration of action of A, agonists. J
Pharmacol Exp Ther 2001;298:209-18.

[13] Murphree LJ, Marshall MA, Rieger JM, MacDonald TL, Linden J.
Human A, adenosine receptors: high-affinity agonist binding to
receptor-G protein complexes containing Ggy. Mol Pharmacol
2002;61:455-62.

[14] Baraldi PG, Cacciari B, Moro S, Spalluto G, Pastorin G, Da Ros T,
Klotz K-N, Varani K, Gessi S, Borea PA. Synthesis, biological

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

activity, and molecular modeling investigation of new pyrazo-
lo[4,3-¢]-1,2,4-triazolo[1,5-c]pyrimidine derivatives as human Aj;
adenosine receptor antagonists. J Med Chem 2002;45:770-80.
Jacobson KA, Gao Z-G, Chen A, Barak D, Kim S-A, Lee K, Link A,
Rompaey PV, van Calenbergh S, Liang BT. Neoceptor concept based
on molecular complementarity in GPCRs: a mutant adenosine Aj
receptor with selectively enhanced affinity for amine-modified
nucleosides. J Med Chem 2001;44:4125-36.

Sullivan GW, Rieger JM, Scheld WM, Macdonald TL, Linden J.
Cyclic AMP-dependent inhibition of human neutrophil oxidative
activity by substituted 2-propynylcyclohexyl adenosine A, receptor
agonists. Br J Pharmacol 2001;132:1017-26.

Cassada DC, Tribble CG, Kaza AK, Fiser SM, Long SM, Linden J,
Rieger JM, Kron IL, Kern JA. Adenosine analogue reduces spinal
cord reperfusion injury in a time-dependent fashion. Surgery 2001;
130:230-5.

Schijns VE. Induction and direction of immune responses by vaccine
adjuvants. Crit Rev Immunol 2001;21:75-85.

Chambers CA, Kuhns MS, Egen JG, Allison JP. CTLA-4-mediated
inhibition in regulation of T cell responses: mechanisms and manip-
ulation in tumor immunotherapy. Annu Rev Immunol 2001;19:
565-94.

Deuticke B, Gerlach E, Diekesmann R. Decomposition of free
nucleotides in the rat heart, skeletal muscle, brain and liver in
oxygen deficiency. Pflugers Arch Gesamte Physiol Menschen Tiere
1966;292:239-54.

Burnstock G, Campbell G, Satchell D, Smythe A. Evidence that
adenosine triphosphate or a related nucleotide is the transmitter
substance released by non-adenergic inhibitory nerves in the gut. BrJ
Pharmacol 1970;40:668-88.

Shimizu H, Creveling CR, Daly J. Stimulated formation of adenosine
3/,5'-cyclic phosphate in cerebral cortex: synergism between elec-
trical activity and biogenic amines. Proc Natl Acad Sci USA 1970;
65:1033-40.

Pull I, Mcllwain H. Metabolism of ['“C]adenine and derivatives by
cerebral tissues, superfused and electrically stimulated. Biochem J
1972;126:965-73.

Berne RM, Rubio R. Regulation of coronary blood flow. Adv Cardiol
1974;12:303-17.

Bockman EL, Berne RM, Rubio R. Release of adenosine and lack of
release of ATP from contracting skeletal muscle. Pflugers Arch
1975;355:229-41.

Sullivan TJ, Parker CW. Pharmacologic modulation of inflammatory
mediator release by rat mast cells. Am J Pathol 1976;85:437-64.
Marquardt DL, Gruber HE, Wasserman SI. Adenosine release from
stimulated mast cells. Proc Natl Acad Sci USA 1984;81:6192-6.
Filippini A, Taffs RE, Sitkovsky MV. Extracellular ATP in T-
lymphocyte activation: possible role in effector functions. Proc Natl
Acad Sci USA 1990;87:8267-71.

Cronstein BN, Rosenstein ED, Kramer SB, Weissman G, Hirschhorn
R. Adenosine: a physiologic modulator of superoxide anion gen-
eration by human neutrophils. Adenosine acts via an A, receptor on
human neutrophils. J Immunol 1985;135:1366-71.

Linden J. Molecular approach to adenosine receptors: receptor-
mediated mechanisms of tissue protection. Annu Rev Pharmacol
Toxicol 2001;41:775-87.

Winn HR, Rubio R, Berne RM. Brain adenosine concentrations
during hypoxia in rats. Am J Physiol 1981;241:H235-42.

Van Belle H, Goossens F, Wynants J. Formation and release of purine
catabolites during hypoperfusion, anoxia, and ischemia. Am J Pathol
1987;252:H886-93.

Rudolphi KA, Shubert P. Adenosine and brain ischemia. Norwell,
MA: Kluwer; 1995.

Decking UKM, Schlieper G, Kroll K, Schrader J. Hypoxia-induced
inhibition of adenosine kinase potentiates cardiac adenosine release.
Circ Res 1997;81:154-64.



500

[35]

[36]

(37]

(38]

[39]

[40]

[41]

(42]

[43]

[44]

(45]

[46]

[47]

(48]

[49]

(50]

(51]

[52]

(53]

[54]

[55]

M.V. Sitkovsky/Biochemical Pharmacology 65 (2003) 493-501

Hershfield MS. Adenosine deaminase deficiency: clinical expres-
sion, molecular basis, and therapy. Semin Hematol 1998;35:291-8.
Cronstein BN. Adenosine, an endogenous anti-inflammatory agent. J
Appl Physiol 1994;76:5-13.

Capecchi PL, Ceccatelli L, Beermann U, Laghi Pasini F, Di Perri T.
Inhibition of neutrophil function in vitro by nimesulide. Preliminary
evidence of an adenosine-mediated mechanism. Arzneimittel-
forschung 1993;43:992-6.

Zhang Y, Raud J, Hedqvist P, Fredholm BB. Propentofylline inhibits
polymorphonuclear leukocyte recruitment in vivo by a mechanism
involving adenosine A, receptors. Eur J Pharmacol 1996;313:237-42.
Born GV, Honour AJ, Mitchell JR. Inhibition by adenosine and by 2-
chloroadenosine of the formation and embolization of platelet
thrombi. Nature 1964;202:761-5.

Lichtenstein LM, Margolis S. Histamine release in vitro: inhibition
by catecholamines and methylxanthines. Science 1968;161:902-3.
Wolberg G, Zimmerman TP, Hiemstra K, Winston M, Chu LC.
Adenosine inhibition of lymphocyte-mediated cytolysis: possible
role of cyclic adenosine monophosphate. Science 1975;187:957-9.
Marone G, Plaut M, Lichenstein LM. Characterization of a specific
adenosine receptor on human lymphocytes. J Immunol 1978;121:
2153-9.

Marone G, Findlay SR, Lichtenstein LM. Adenosine receptor on
human basophils: modulation of histamine release. J Immunol
1979;123:1473-17.

Fredholm BB, Fried G, Hedqvist P. Origin of adenosine release from
rat vas deferens by nerve stimulation. Eur J Pharmacol 1982;79:
233-43.

Burnstock G. Purinergic nerves. Pharmacol Rev 1972;24:509-81.
Jacobson KA, van Rhee AM. Development of selective purinoceptor
agonists and antagonists. In: Jacobson KA, Jarvis MF, editors.
Purinergic approaches in experimental therapeutics. New York:
Wiley; 1997. p. 101-28.

Libert F, Parmentier M, Lefort A, Dinsart C, Van Sande J, Maenhaut
C, Simons MJ, Dumont JE, Vassart G. Selective amplification and
cloning of four new members of the G protein-coupled receptor
family. Science 1989;244:569-72.

Olah ME, Stiles GL. Adenosine receptor subtypes: characterization
and therapeutic regulation. Annu Rev Pharmacol Toxicol 1995;35:
581-606.

Linden J, Thai T, Figler H, Jin X, Robeva AS. Characterization of
human A,p adenosine receptors: radioligand binding, western blot-
ting, and coupling to G4 in human embryonic kidney 293 cells and
HMC-1 mast cells. Mol Pharmacol 1999;56:705-13.

Gao Z, Chen T, Weber MJ, Linden J. A,z adenosine and P2Y,
receptors stimulate mitogen-activated protein kinase in human em-
bryonic kidney-293 cells. Cross-talk between cyclic AMP and
protein kinase C pathways. J Biol Chem 1999;274:5972-80.
Chused TM, Apasov S, Sitkovsky M. Murine T lymphocytes mod-
ulate activity of an ATP-activated P,,-type purinoreceptor during
differentiation. J Immunol 1996;157:1371-80.

Martin KA, Kertesy SB, Dubyak GR. Down-regulation of P,y-
purinergic nucleotide receptor messenger RNA expression during
in vitro differentiation of human myeloid leukocytes by phorbol
esters or inflammatory activators. Mol Pharmacol 1997;51:97-108.
Koshiba M, Apasov S, Sverdlov V, Chen P, Erb L, Turner JT,
Weisman GA, Sitkovsky MV. Transient up-regulation of P2Y,
nucleotide receptor mRNA expression is an immediate early gene
response in activated thymocytes. Proc Natl Acad Sci USA 1997;94:
831-6.

Khoa ND, Montesinos MC, Reiss AB, Delano D, Awadallah N,
Cronstein BN. Inflammatory cytokines regulate function and ex-
pression of adenosine A,, receptors in human monocytic THP-1
cells. J Immunol 2001;167:4026-32.

Cronstein BN, Levin RI, Philips M, Hirschhorn R, Abramson SB,
Weissmann G. Neutrophil adherence to endothelium is enhanced via

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

adenosine A; receptors and inhibited via adenosine A, receptors. J
Immunol 1992;148:2201-6.

Hoskin DW, Reynolds T, Blay J. Adenosine as a possible inhibitor of
killer T-cell activation in the microenvironment of solid tumours. Int
J Cancer 1994;59:854-5.

Firestein GS. Anti-inflammatory effects of adenosine kinase inhi-
bitors in acute and chronic inflammation. Drug Dev Res 1996;39:
371-6.

Hasko G, Szabo C, Nemeth ZH, Kvetan V, Pastores SM, Vizi ES.
Adenosine receptor agonists differentially regulate IL-10, TNF-o
and nitric oxide production in RAW 264.7 macrophages and in
endotoxemic mice. J Immunol 1996;157:4634-40.

Eigler A, Greten TF, Sinha B, Chaslberger C, Sullivan GW, Enderas
S. Endogenous adenosine curtails lipopolysaccharide-stimulated
tumour necrosis factor synthesis. Scand J Immunol 1997;45:132-9.
Sullivan GW, Linden J. Role of A2a adenosine receptors in inflam-
mation. Drug Dev Res 1998;45:103-12.

Apasov SG, Koshiba M, Chused TM, Sitkovsky MV. Effects of
extracellular ATP and adenosine on different thymocyte subsets:
possible role of ATP-gated channels and G protein-coupled puri-
nergic receptors. J Immunol 1997;158:5095-105.

Huang S, Apasov S, Koshiba M, Sitkovsky M. Role of A2a extra-
cellular adenosine receptor-mediated signaling in adenosine-
mediated inhibition of T-cell activation and expansion. Blood
1997;90:1600-10.

Koshiba M, Kojima H, Huang S, Apasov S, Sitkovsky MV. Memory
of extracellular adenosine A,, purinergic receptor-mediated signal-
ing in murine T cells. J Biol Chem 1997;272:25881-9.

Koshiba M, Rosin DL, Hayashi N, Linden J, Sitkovsky MV. Patterns
of A,A extracellular adenosine receptor expression in different
functional subsets of human peripheral T cells. Flow cytometry
studies with anti-A, receptor monoclonal antibodies. Mol Pharma-
col 1999;55:614-24.

Linden J. Cloned adenosine Aj receptors: pharmacological proper-
ties, species differences and receptor functions. Trends Pharmacol
Sci 1994;15:298-306.

Marquardt DL, Walker LL, Heinemann S. Cloning of two adenosine
receptor subtypes from mouse bone marrow-derived mast cells. J
Immunol 1994;152:4508-15.

Parmely MJ, Zhou W-W, Edwards III CK, Borcherding DR, Silver-
stein R, Morrison DC. Adenosine and a related carbocyclic nucleo-
side analogue selectively inhibit tumor necrosis factor-o. production
and protect mice against endotoxin challenge.
1993;151:389-96.

Bouma MG, Stad RK, van den Wildenberg FAIM, Buurman WA.
Differential regulatory effects of adenosine on cytokine release by
activated human monocytes. J Immunol 1994;153:4159-68.
Haské G, Németh ZH, Vizi ES, Salzman AL, Szab6 C. An agonist of
adenosine Aj receptors decreases interleukin-12 and interferon-y
production and prevents lethality in endotoxemic mice. Eur J Phar-
macol 1998;358:261-8.

McWhinney CD, Dudley MW, Bowlin TL, Peet NP, Schook L,
Bradshaw M, De M, Borcherding DR, Edwards III CK. Activation of
adenosine Aj receptors on macrophages inhibits tumor necrosis
factor-o.. Eur J Pharmacol 1996;310:209-16.

Sajjadi FG, Takabayashi K, Foster AC, Domingo RC, Firestein GS.
Inhibition of TNF-a expression by adenosine. Role of A3 adenosine
receptors. J Immunol 1996;156:3435-42.

Link AA, Kino T, Worth JA, McGuire JL, Crane ML, Chrousos GP,
Wilder RL, Elenkov 1J. Ligand-activation of the adenosine A2a
receptors inhibits IL-12 production by human monocytes. J Immunol
2000;164:436-42.

Ledent C, Vaugeois J-M, Schiffmann SN, Pedrazzini T, El Yacoubi
M, Vanderhaeghen J-J, Costentin J, Heath JK, Vassart G, Parmentier
M. Aggressiveness, hypoalgesia and high blood pressure in mice
lacking the adenosine A,, receptor. Nature 1997;388:674-8.

J  Immunol



[74]

[75]

[76]

(771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

(87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

M.V, Sitkovsky/Biochemical Pharmacology 65 (2003) 493-501 501

Chen J-F, Huang Z, Ma J, Zhu J, Moratalla R, Standaert D,
Moskowitz MA, Fink JS, Schwartzschild MA. A,, adenosine re-
ceptor deficiency attenuates brain injury induced by transient focal
ischemia in mice. J Neurosci 1999;19:9192-200.

Salvatore CA, Tilley SL, Latour AM, Fletcher DS, Koller BH,
Jacobson MA. Disruption of the A; adenosine receptor gene in mice
and its effect on stimulated inflammatory cells. J Biol Chem 2000;
275:4429-34.

Essayan DM. Cyclic nucleotide phosphodiesterase (PDE) inhibitors
and immunomodulation. Biochem Pharmacol 1999;57:965-73.
Torgersen KM, Vang T, Abrahamsen H, Yaqub S, Tasken K. Mo-
lecular mechanisms for protein kinase A-mediated modulation of
immune function. Cell Signal 2002;14:1-9.

Gilman AG. G proteins: transducers of receptor-generated signals.
Annu Rev Biochem 1987;56:615-49.

Kohm AP, Sanders VM. Norepinephrine and 32-adrenergic receptor
stimulation regulate CD4" T and B lymphocyte function in vitro and
in vivo. Pharmacol Rev 2001;53:487-525.

Abbracchio MP, Burnstock G. Purinergic signalling: pathophysio-
logical roles. Jpn J Pharmacol 1998;78:113-45.

Harris SG, Padilla J, Koumas L, Ray D, Phipps RP. Prostaglandins as
modulators of immunity. Trends Immunol 2002;23:144-50.

Trenn G, Takayama H, Sitkovsky MV. Exocytosis of cytolytic
granules may not be required for target cell lysis by cytotoxic T-
lymphocytes. Nature 1987;330:72—4.

Takayama H, Sitkovsky MV. Antigen receptor-regulated exocytosis
in cytotoxic T lymphocytes. J Exp Med 1987;166:725-43.
Takayama H, Trenn G, Sitkovsky MV. Locus of inhibitory action of
cAMP-dependent protein kinase in the antigen-receptor triggered
cytotoxic T-lymphocyte activation pathway. J Biol Chem 1988;263:
2330-6.

Berrebi G, Takayama H, Sitkovsky MV. Antigen-receptor interaction
requirement for conjugate formation and lethal hit triggering by
cytotoxic T lymphocytes can be bypassed by protein kinase C
activators and Ca’*t ionophores. Proc Natl Acad Sci USA 1987;
84:1364-8.

Kincaid RL, Takayama H, Billingsley ML, Sitkovsky MV. Differ-
ential expression of calmodulin-binding proteins in B, T lympho-
cytes and thymocytes. Nature 1987;330:176-8.

Filippini A, Taffs RE, Agui T, Sitkovsky MV. Ecto-ATPase activity
in cytolytic T-lymphocytes. Protection from the cytolytic effects of
extracellular ATP. J Biol Chem 1990;265:334-40.

diVirgilio F, Pizzo P, Zanovello P, Bronte V, Collavo D. Extracellular
ATP as a possible mediator of cell-mediated cytotoxicity. Immunol
Today 1990;11:274-7.

Burnstock G. Purine-mediated signaling in pain and visceral percep-
tion. Trends Pharmacol Sci 2001;22:182-8.

Fredholm BB, Arslan G, Halldner L, Kull B, Schulte G, Wasserman
W. Structure and function of adenosine receptors and their genes.
Naunyn Schmiedebergs Arch Pharmacol 2000;362:364—74.
Redegeld F, Filippini A, Sitkovsky M. Comparative studies of the
cytotoxic T lymphocyte-mediated cytotoxicity and of extracellular
ATP-induced cell lysis. Different requirements in extracellular Mg**
and pH. J Immunol 1991;147:3638-45.

Apasov S, Fan J-F, Smith P, Sitkovsky M. A, receptor dependent
and A, receptor independent effects of extracellular adenosine on
murine thymocytes in conditions of adenosine deaminase deficiency.
Blood 2000;95:3859-67.

Apasov SG, Chen J-F, Smith PT, Schwarzschild MA, Fink JS,
Sitkovsky MV. Study of A, adenosine receptor gene deficient mice
reveals that adenosine analogue CGS 21680 possesses no Aja
receptor-unrelated lymphotoxicity. Br J Pharmacol 2000;131:43-50.
Armstrong JM, Chen JF, Shwarzschild MA, Apasov S, Smith PT,
Caldwell C, Chen P, Figler H, Sullivan G, Fink S, Linden J,
Sitkovsky MV. Gene dose effect reveals no G protein coupled
Aj adenosine receptor reserve in murine T-lymphocytes: studies

[95]

[96]

(971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

of cells from A,, receptor gene-deficient mice. Biochem J 2001;
354:123-30.

Apasov SG, Blackburn MR, Smith PT, Kellems RE, Sitkovsky MV.
Adenosine deaminase deficiency in mice increases thymic apoptosis
and causes defective T cell receptor signaling. J Clin Invest
2001;108:131-41.

Okusa MD, Linden J, Huang L, Rosin DL, Smith DF, Sullivan G.
Enhanced protection from renal ischemia-reperfusion [correction of
ischemia:reperfusion] injury with A, s-adenosine receptor activation
and PDE 4 inhibition. Kidney Int 2001;59:2114-25.

Peart J, Flood A, Linden J, Matherne GP, Headrick JP. Adenosine-
mediated cardioprotection in ischemic-reperfused mouse heart. J
Cardiovasc Pharmacol 2002;39:117-29.

Ross SD, Tribble CG, Linden J, Gangemi JJ, Lanpher BC, Wang AY,
Kron IL. Selective adenosine-A2A activation reduces lung reperfu-
sion injury following transplantation. J Heart Lung Transplant
1999;18:994-1002.

Peirce SM, Skalak TC, Rieger JM, Macdonald TL, Linden J.
Selective A,5 adenosine receptor activation reduces skin pressure
ulcer formation and inflammation. Am J Physiol Heart Circ Physiol
2001;281:H67-74.

Melmon KL, Rocklin RE, Rosenkranz RP. Autacoids as modulators
of the inflammatory and immune response. Am J Med 1981;71:
100-6.

Bourne HR, Melmon KL. Adenyl cyclase in human leukocytes:
evidence for activation by separate beta adrenergic and prostaglan-
din receptors. J Pharmacol Exp Ther 1971;178:1-7.

Smits GJ, McVey M, Cox BF, Perrone MH, Clark KL. Cardiopro-
tective effects of the novel adenosine A /A, receptor agonist AMP
579 in a porcine model of myocardial infarction. J Pharmacol Exp
Ther 1998;286:611-8.

Jordan JE, Zhao Z-Q, Sato H, Taft S, Vinten-Johansen J. Adenosine
A, receptor activation attenuates reperfusion injury by inhibiting
neutrophil accumulation, superoxide generation and coronary en-
dothelial adherence. J Pharmacol Exp Ther 1997;280:301-9.
Rieger JM, Brown ML, Sullivan GW, Linden J, Macdonald TL.
Design, synthesis, and evaluation of novel A, adenosine receptor
agonists. ] Med Chem 2001;44:531-9.

Okusa MD, Linden J, Huang L, Rieger JM, Macdonald TL, Huynh
LP. A, adenosine receptor-mediated inhibition of renal injury and
neutrophil adhesion. Am J Physiol Renal Physiol 2000;279:F809-18.
Cronstein BN, Daguma L, Nichols D, Hutchison AJ, Williams M.
The adenosine/neutrophil paradox resolved: human neutrophils pos-
sess both A and A, receptors that promote chemotaxis and inhibit
O, generation, respectively. J Clin Invest 1990;85:1150-7.

Jin X, Shepherd RK, Duling BR, Linden J. Inosine binds to Aj
adenosine receptors and stimulates mast cell degranulation. J Clin
Invest 1997;100:2849-57.

Moser GH, Schrader J, Deussen A. Turnover of adenosine in plasma
of human and dog blood. Am J Physiol 1989;256:C799-806.
Sullivan GW, Linden J, Buster BL, Scheld WM. Neutrophil A,
adenosine receptor inhibits inflammation in a rat model of menin-
gitis: synergy with the type IV phosphodiesterase inhibitor, rolipram.
J Infect Dis 1999;180:1550-60.

Ramkumar V, Stiles GL, Beaven MA, Ali H. The A; adenosine
receptor is the unique adenosine receptor which facilitates release of
allergic mediators in mast cells. J Biol Chem 1993;268:16887-90.
Schwartz LM, Raschke P, Becker BF, Gerlach E. Adenosine con-
tributes to neutrophil-mediated loss of myocardial function in post-
ischemic guinea-pig hearts. J Mol Cell Cardiol 1993;25:927-38.
Semenza GL. HIF-1: mediator of physiological and pathophysiolo-
gical responses to hypoxia. J Appl Physiol 2000;88:1474-80.
Lukashev D, Caldwell C, Ohta A, Chen P, Sitkovsky M. Differential
regulation of two alternatively spliced isoforms of hypoxia-inducible
factor-1o in activated T lymphocytes. J Biol Chem 2001;276:48754—
63.



	Use of the A2A adenosine receptor as a physiological immunosuppressor and to engineer inflammation in vivo
	Introduction
	Need to identify endogenous anti-inflammatory pathways
	"Metabolic switch" hypothesis of extracellular accumulation of molecular "signals" of excessive tissue damage
	Considerations of a possible role of cAMP-elevating extracellular adenosine and adenosine receptors in the regulation of inflammatory processes
	Sources of extracellular adenosine
	The history of extracellular adenosine and adenosine receptor studies

	Genetic in vivo evidence for the physiological mechanism of attenuation of inflammation and protection from excessive tissue damage by extracellular adenosine A2A receptors
	Engineering inflammation
	Inhibition of inflammation
	Enhancement of inflammation

	Perspectives
	Acknowledgements
	References


